Introduction
Parkinson disease (PD) is a neurodegenerative disorder characterized by a wide spectrum of nonmotor features including psychiatric and cognitive symptoms [1] . Depression represents the most common psychiatric feature of PD [1] affecting from 17 to 22% of patients from the premotor until the advanced phases [2] [3] [4] , leading to a worse quality of life [2] . In addition, depression in the early stages of PD may represent a risk factor for a more pronounced motor and cognitive decline [5] .
Structural and functional alterations in the limbic system have been associated with the development of depression in the general population [6] and to attention, working memory, and executive dysfunction in patients with depressive disorder, as have the parietal and temporal cortices and basal ganglia [7] .
Few voxel-based morphometry studies demonstrated depression-related differences in gray matter volume in the amygdala, hippocampus, thalamus, anterior cingulate, pre-frontal and temporal cortices in PD patients at various disease stages [8] [9] [10] .
To our knowledge, no studies have evaluated cortical thickness (CT) changes related to depression in PD, and, in particular, in the early stages of the disease. Moreover, previous studies have not taken the possible confounding factor represented by deficits in specific cognitive domains into account, yet these may originate from alterations in the same cortical regions involved in depression [1] .
The aim of the study was to evaluate the cortical correlates of depression in a cohort of early-stage PD patients with an extensive neuropsychological characterization, by using a vertex-wise CT analysis.
Materials and Methods

Subjects
We selected 17 consecutive patients with a clinical diagnosis of possible PD [11] as participants in the study (Table 1) , among those who performed a standardized brain MR protocol at the Functional MR Unit, Policlinico S. Orsola -Malpighi, Bologna (Italy), as part of their clinical workup, and were participating in the ongoing prospective observational study 'Bologna Motor and Nonmotor Prospective Study on Parkinsonism at Onset (BoProPark) (online suppl. Methods 1; for all online suppl. material, see www.karger.com/doi/10.1159/000450614), and whose diagnosis was confirmed as probable PD [11] at the follow-up. All participants, at the time of the MR scan, had presented a parkinsonian syndrome within 3 years from motor symptom onset. Clinical and neuropsychological evaluations are reported in the online supplementary Methods 1.
A group of 22 healthy controls (HC) (12 males; median age: 56.4 years, range: 40.0-83.0 years) without a history of neurological or psychiatric disorders, comparable for age and sex with patients, were enrolled among hospital and university workers and their relatives. In order to assess the presence of depression, all patients fulfilled the 21-item Beck Depression Inventory (BDI): scores >9 were considered as pathological, and therefore patients were divided into PD with depression (D-PD) and without depression (ND-PD) (Table 1) [12] .
We obtained written informed consent from all participants, and the local Ethics Committee approved the study.
Brain MR Acquisition and Analysis Protocol
Acquisitions were performed with a 1.5-T GE Signa HDx 15 scanner and a birdcage head coil. The standardized MR protocol included a 3-D high-resolution volumetric T1-weighted fast spoiled gradient echo (TR/TE = 12.3/5.2 ms, FOV = 25.6 cm, 1 mm isotropic resolution) and coronal T2-weighted fluid-attenuated inversion recovery (TE/TR = 84.8/8,000 ms, 0.94 × 0.94 × 3 mm) sequences.
A semiautomated threshold-based white matter hyperintensity segmentation method was applied to T2-weighted fluid-attenuated inversion recovery images in order to perform lesion refilling on T1-weighted images and then to carry out a voxel-wise CT analysis with FreeSurfer 4.4.0 software, which is documented and freely available for download online (http://surfer.nmr.mgh.harvard. edu/) (online suppl. Methods 2). Statistical analysis methods are reported in the online supplementary Methods 3.
Results
Demographic and clinical features of the patient sample are reported in Table 1 .
No significant differences were found in demographic and clinical variables between this sample of patients and the other patients belonging to the BoProPark cohort (data not shown). Six out of 17 patients presented BDI scores >9, indicating mild to moderate depression. No patients showed cognitive deficits. At the moment of MR acquisition, no patients were taking antidepressants, while 2 out of 17 were under levodopa therapy (100 and 200 mg).
We found no significant differences in demographic, clinical, and neuropsychological features between D-PD and ND-PD patients with the exception of the BDI score ( Table 1 ) . CT Analysis ANCOVA analysis of D-PD, ND-PD and HC groups showed significant differences in CT bilaterally in the precuneus and in the isthmus of the cingulate gyrus, in the right middle temporal gyrus, rostral-anterior cingulate cortex and postcentral gyrus, and, on the left side, in the superior-frontal cortex, supramarginal gyri, superior-parietal, lateral-occipital, and superior-frontal cortices, only when considering results uncorrected for multiple comparisons at the vertex level ( p < 0.001, uncorrected) (online suppl. Fig. 1 and online suppl. Table 1).
Conventional Brain MR Results
At the post hoc analysis, D-PD patients showed a significant cortical thickening in the left precuneus, superior parietal lobule and lateral occipital gyrus, and in the right isthmus of the cingulate gyrus compared to HC ( p < 0.001, uncorrected) ( Fig. 1 a) . Moreover, D-PD patients showed a significant increase in CT bilaterally in the precuneus and in the isthmus of the cingulate gyrus and in the left superior-frontal cortex compared to ND-PD ( p < 0.001, uncorrected) ( Fig. 1 b) . No significant differences in CT between ND-PD patients and HC were found (data not shown). In addition, CT in the precuneus was directly correlated with the BDI score in the PD sample ( p < 0.001) ( Fig. 1 c, d) .
Discussion
With the present study, we have demonstrated an increased CT in the precuneus in D-PD patients compared to ND-PD and HC, which was directly correlated with depression severity, assessed by the BDI.
Considering that deficits in single cognitive domains, in particular working memory, attention, visuospatial and executive functions, may represent early nonmotor symptoms of PD [2] [3] [4] related to cortical changes [13] , and that cognitive dysfunction in patients with depression is underpinned by functional and structural alterations within specific brain regions [7] , we performed an extensive neuropsychological evaluation that showed no significant differences between D-PD and ND-PD in global cognitive performance and in single domains, excluding the possibility that cognitive profile may explain precuneal cortical thickening.
Moreover, we evaluated patients in an early stage of PD in order to exclude other possible confounders, such as disease duration and stage. Finally, to our knowledge, this is the first study evaluating intrinsic cortical properties related to depression in PD patients. Although gray matter depression-related alterations in PD have already been described, the role of structural alterations in the precuneus has not yet been demonstrated.
Previous voxel-based studies evaluating PD patients have found depression-related gray matter differences in the orbitofrontal cortices, the rectal gyri, the right superior temporal pole, and the mediodorsal thalamic nuclei [8, 9] . Moreover, a correlation has been demonstrated between limbic, temporal, and orbitofrontal gray matter alterations and depression severity [8] [9] [10] .
Collectively, these studies considered PD patients at different stages of the disease, but an extensive neuropsychological evaluation was lacking, and therefore it was not possible to exclude the influence of the cognitive profile on gray matter alterations.
Although depression-related precuneal cortical changes have not yet been reported in PD patients, a recent vertex-based CT analysis study showed a significant thickening in the left precuneus in patients with earlystage depression without PD [14] . Moreover, a direct association between precuneal CT and depression severity has already been demonstrated in non-PD patients with depression [15] . In addition, significant thickening in other cortices, including the frontal, temporoparietal, Color version available online and cingulate ones, has been demonstrated in non-PD patients with depression [16] [17] [18] . The precuneus forms part of the posteromedial parietal lobe and the default mode network (DMN) [19] , and has been functionally related to visuospatial imagery, episodic memory retrieval and self-processing operations [20] . In patients with depression, an altered connection has been demonstrated between the posterior DMN including the precuneus and the anterior subnetwork of the DMN and the central executive network [21] . These changes in precuneus connectivity may contribute to the generation of affective and cognitive symptoms of depression [21] .
Although a deactivation in the posterior subnetwork of the DMN has been demonstrated in PD patients independently from the presence of depression [22] , in our sample, structural abnormalities in the precuneus were absent in the ND-PD group indicating that changes detected in our D-PD patients are not related to PD per se. Moreover, a recent study demonstrated altered connectivity in the posterior cingulate cortex/precuneus in PD patients with depression compared to PD without depression [23] , and our results may indicate the structural basis of these functional changes in D-PD.
Overall, our findings are in line with studies suggesting that changes in the precuneus may play a central role in the pathophysiology of depression [24] .
The pathophysiological basis of depression-related cortical thickening has not yet been elucidated. Suggested explanations have included a "compensatory hypertrophy" of specific brain regions in order to compensate the hypofunction of other regions belonging to the same brain networks, and an early inflammatory/glial reactive response preceding cortical atrophy [14] .
One limitation of the current study is the small sample size that could cause some subtle depression-related changes in other regions to be missed. Considering the exploratory nature of the present study, we decided to take into account results which were not corrected for multiple comparisons, with the awareness that our results should be interpreted with caution and that future studies with larger cohorts of subjects will be necessary to confirm the precuneal thickening and to deeper understand its basis and role in PD-related depression. Therefore, although the threshold for significance is conventionally set at p < 0.05, corrected for multiple comparisons, we applied a less stringent threshold of p < 0.001 without correction, which provides a good balance for type I and type II error protection and can be used when a hypothesis of an expected effect has been formed [25] . In conclusion, depression is a common nonmotor PD symptom that may be present even in the earliest stages of the disease and in our sample of cognitively unimpaired PD patients was related to CT in the precuneus, a region belonging to the DMN, involved in self-referential processing and mood control. Our results indicate that precuneal thickening may represent an early marker of depression in PD and may be either a predisposing factor or an epiphenomenon of alterations in the neural circuitries underpinning the development of depression. Further structural and functional connectivity studies will be necessary in order to better elucidate the role of this specific brain region within more complex brain networks.
